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. A LUNAR LABORATORY
. by
Paul W. Keaton, Los Alamos National Laboratory
Los Alamos, New Mexico, USA, and
Michael B. Duke, NASA/Johnson Space Center
Houston, Texas, USA

ABSTRACT

An international research laboratory can be established on the Moon in the
early years of the 21st Century. It can be built using the transportation
system now envisioned by NASA, which includes a space station for Earth
orbital logistics and orbital transfer vehicles for Earth-Moon
transportation. A scientific laboratory on the Moon would permit extended
surface and subsurface geological exploration; long-duration experiments
defining the lunar environment and its modification by surface activity: new
classes of observations in astronomy; space plasma and fundamental physics
experiments; and lunar resource develaopment. The discovery of a lunar source
for propellants may reduce the cost of constructing large permanent
facilities in space and enhance other space programs such as Mars
exploration.

INTRODUCTION

Over the past few years the authors have organized and attended a number of
studies, workshops, and symposia addressing possibilities for future manned
space exploration programs. Among the conferences are included the Lunar
Bases Workshop /1/, the Lunar Bases Symposium /2/, and the Manned Mars
Mmissions Study /3/, all of which promoted deliberations and formed
conclusions on e.traterrestrial bases and outposts. We have focussed
recerntly on manned enplorations to supplement current experience in unmanned
investigations in the hope that an optimum mix of manned vs. unmanned
scientific capabilities will emerge. The purpose of this paper is to show
how a manned research laboratory on the Moon offers unique opportunities for
geoclogical and 2stronomical observations, as well as for certain tinds of
fundamental physics experiments.

A LUNAR BAEE IN FERSFECTIVE

Very recently, the United States®™ National Commission on Space, chaired by
Thomas 0. Faine, published its report/4/ on future space endeavors. That
report takes the view that a nation can best determine which space programs
should be developed over the next 20 years by looling ahead S0 years and
deciding where it wants to be then. We tatke that view here in order to put
the lunar laboratory in perspective.

Supporting Trangportation Systems

We assume that the lunar research facility will be built within a brsadly
based infrastructure of stations, vehicles, and programs that car be
developed in an evclutionary space program /5/. The first element of the
infrastructure is the reusable space shuttle and its subsequent derivatives
necessary for transportation between the Earth's surface and the space
statior. The next element is the low-Earth-orbit (LED) space station. which
will serve as a transportation node, or spaceport, to support further
ventures deeper into space. The third element will include orbital trarnsfer
vehicles for hauling cargoes and people between LED and geosynchronous orbit,



low-lunar—-orbit, or other spaceports that may be located at particular
libration points /6/. Given that much infrastructure in place, a nation
could establish and maintain a lunar outpost with relative ease after
developing an appropriate lunar lander.

Figure 1 suggests a supportive role that a lunar base might play in a space
program several decades into the future. The curves indicate the changes in
velocity (delta-v) that are required for a roclet to travel from one place to
another. As the rocket equation shows /&/, the larger delta-v is, the larger
will be the mass of propellant required for the trip. The surface of the
Earth is depicted in Fig. 1 as being at the bottom of a deep "well." The
largest single delta-v step shown is that of lifting an object from the
surface of the Earth to LEO. Clearly, this step must be performed as
efficiently as possible and will eventually involve new innovations such as
aercspace planes and shuttle—-derived heavy lift launch vehicles. Furthermore,
the sooner extraterrestrial resources can be used in an expanding space
program, the less dependent the program will be on this e:xpensive first step
and the faster it can grow. The Moon has abundant resources.

Lunar Resources

One of the easiest things to get from the Moon is soil, or regolith, for
radiation shielding at a habitat that is located either on the lunar surface
or, for instance, at some spaceport placed far from the Earth and Moon.
Lifting an object frcm the Moon requires a delta-v of only 2.4 km/s, whereas
lifting it from the Earth requires a total delta-v of over 11.2 km/s. Beyond
the protection of the Earth’s magnetic field, an annual biclogical dose from
galactic cosmic rays is about SO rem /7/; S rem per year is allowed for
radiation workers in the United States. 1In addition, several solar flares
per lil-year Sun spot cycle could be lethal to astronauts withcut a radiation
"storm cellar" of some type. If lunar regolith were used for shielding. the
cost of lifting inert material from the surface of the Earth would be
avoided.

O:ygen will be important to a growing space program. Forty percent of the
Moon is oxygen--locked up tightly in chemical bonde. However, many ways of
extracting oxygen from lunar regolith have been studied, and several appear
to be feasible /B/. This suggests that hydrogen. the lighter element of
hydrogen— o:xygen propellant for rocket engines, can be brought up from Earth
and that oxygen, the heavier element, can be manufactured on the Mcon. Figure
2 relates the development of a lunar base to the growth of lunar resource
support of the transportation system. Initially, the base is totally
dependent on terrestrial supply, which means that 7 kg of propellant is
needed in LEDO to place 1 kg on the lunar surface. With the introduction of
lunar oiygen, first into near—Moon operations and then into the return path
to Earth, the slope of the curve changes from 7:1 to Z.3:1. As manufacturing
capabilities increase to the point at which aercbrakes (heat shields for
vehicles decelerating in a planet’s atmosphere) can b2 manufactured {from
lunar materials, the slope decreases to something slightly greater tham 1:1.

As the base becomes self-sufficient, only trace minerals and crew changes are
charged to lunar operations, and the slope of the curve in Fig. 2 1s
essentially flat. In time, there could be economic balance between tine Earth
and the Moon. Lunar '"credits" are shown quantitatively in Fig. 2 at the
point where a closed ecological life support system (CELSS) is established
after significant manufacturing capabilities are available.

Another potential lunar resource is glass. Lunar glass mayv possess hiaher
tensile strength than that of equivalent materials on Earth. The strength of
si1licates is reduced by an order of magnitude or Earth because of the



hydrolysis of Si-0 bonds at-crack tips or dislocations. In the extremely
anhydrous environment on the Moon, hydrolytic weahening will be suppressed
/9/. Thus, lunar silicate glass could possibly be substituted for structural
metals in a variety of space engineering applications.

Still other commpdities vseful to an expanding space prajram could be
produced on the Moon. Metals, such as iron or titanium, can be extracted
from the lunar soil, rocks, or minerals with differing degrees of difficulty.
For example, small guantities of metal (primarily iron) from meteorites can
be concentrated with a magretic device from large amounts of lunar soil: or,
with much larger energy inputs, titanium can be obtained from ilmen:te. These
products could be used in large space structures. Lunar titania or alumina
might be used.to produce aerobrakes for returning to Earth or landing at
Mars. At higher levels of development, the production of components for solar
electric power generation in space (e.3., solar power satellites) could be
feasible /10/.

Complementary Resources from Mars

Water is known to exist on the surface of Mars /11/. However, to avoid
having to use the propellant required to remove resources from Mars, where
the escape velocity is S5 km/s, one may first seek resources at Mars’® moons,
since only docking maneuvers are needed to approach them. There is strong
evidence that Mars®™ two moons, Phobos and Deimos, have compositions similar
to that of a carbonaceous chrondrite—-a type of meteorite that is rich 1in
water and organics /12/. Furthermore, returning to Fig. 1 we see that the
delta-v required for a 3-day trip from LED to a soft landing on the Moon is
approximately the same as the delta-v required for an B-month trip {from LEO
to Deimos. If urnmanned freighters are used to carry cargoes from Mars®
vicinity to Earth’s vicinity, the long trip time could be tolerated. So we
may find that the rescurces of the Moon, which are quite dry and contain only
traces of carbon, and those of Mars® moons will complement the needs of a
growing space program.

Costs

Costs of placing on the Moon a permanent base housing 24 people were
estimated in 1962 by a Stanford-Amese study /13/. The group concluded that
over a 15-year period, the total development, acquisition, delivery, and
building costs would be %17 billion, which translates to %60 billion in 1986
(1 billion = 10%), This figure is consistent with a recent NASA assessment
showing that a permanent lunar base, and the necessary orbital transfer
vehicles and lunar landers, can be built over 25 years for about $90 billion
in 1986 dollars /14/. To compare, the Apollo program that landed a cozen
astronauts on the surface of the Moon was completed in 11 years and cost
abpout $BE8 billion in 19846 dollars.

The Apollo progrem developed when the U.S. gross nmational product was less
than one-half of what it is today., after accounting for inflation /15/. Thus,
if a lunar base project were built by the U.S. over about 2 decades. it would
have less than one-fourth as much amnual impact on the U.S. ecornomy as did
the Apollo program during the 1940s. Futting it differently, a permanent
lunar base can be built for less than one-tenth of one percent of the
cumulative U.S. gross national product./15,16/. However, although the U.&.
can afford to build a permanent base on the Moon without the help of other
nations, that may not be the most desirabie way to go about it.
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International Cooperation

A lunar laboratory could serve as a vehicle for future international
cooperation by coordinating tasks to take ma:ximum advantage of the
complementary technological skills of all participating national space
programs. In this way, cooperation among nations will be encouraged by large
scientific prograr~ as was done., for example, in the lnternational
Geophysical Year e.crorts in 1958B. :

The international nature of this project must be studied carefully. Two
models are suggested by analogy with the CERN and Fermilab particle
accelerator laboratories. CERN (Geneva) was built by--and is managed by
representatives from-- several countries: Fermilab (Chicago) was built and is
managed by one country. Both laboratories are "international" and have
accepted research scientists from all over the world. We are not prepared to
suggest & specific madel at this time, bLt the idea is not without
precedence. Spacelab is an international laboratory built by the European
Space Agency and launched into LEO on the U.S. shuttle. An international
research laboratory on the mc>n may be merely a logical extension of
Spacelab.

Science as a Rationale?

We agree with the viewpoint expressed by the National Commission on Space
when it reports, "The Solar Eystem is our extended home.... Now space
technology has freed humankind to move outward from Earth as a species
destined to expand to other worlds" /17/. This viewpoint suggests that the
scientific exploration of space has a special meaning for scientists and
non-scientists alike -—a meaning that transcends the usual rationale for
doing science. With this viewpoint in mind, we can accept the premise that
science alone may not be a sufficient reason for spending money to explore
space or build a lunar laboratory. and still we can presume that someday a
lunar base will be justified and built. It will be built for many reasons,
including perceived scientific, political, and economic benefits.

So the key question to be answered by the scientist is, "Given that a lunar
base will be established, what are interesting and unique scientific
investigations that people can do on the Moon?" It is from the broad
perspective outlined above, showing how a lunar base fites into the context of
an larger expanding space program, that we turn to this guestion.

SCIENCE AT A MANNED LUNAR LABORATORY

The Moon is a cornerstone for comparative planetology because it evolved with
out atmosphere or water, and records of early geoclogical events still can be
found. A permanent lunar base offers the opportunity to study the Moon in
much greater detail than has ever been possible. It also allows us to use
the unigue lunar environment as a platform for astronomical, solar, space
plagma, and fundamental physics experiments.

The Lunar Environment

The lunar environment is characterized by low gravity (one-sixth that of
Earth), high vacuum (2 x 10% molecules/cm™, or 10-1% torr), seismic stability
(10-® times the seismic emergy of Earth), low temperatures at the poles
(about 70 k), large diurnal temperatures at the equator (100 to Z8% K}, and
low radio noise on the far side. A few meters above the surface on the
dayside, there is an electric field of roughly 20 volts/meter resulting from
photoelectric interactions of sunlight on the regglith. The Moun spends
three-fourths of its time in the solar wind and one~fourth of its time in the



Earth’s geomagnetic tail. Magnetic fields vary across the Moon's surface
from about 30 to 300 gammas (1 gamma = 10~° QOercted = 10-® Gauss). The
tenuous lunar atmosphere consists of solar wind gasses (mostly hydrogen,
helium, and neon) and minor amounts of other gases apparently outgassed from
the lunar interior. The entire lunar atmosphere has a mass of about 104 Lg.
Since there is practically no atmosphere to produce decaying picns from
cosmic ray interactions, calculations show that, for neutrino energies
between 1 Gev and 1 Tev, the neutrino background is 100 times lower on the
Moon than on the Earth /18/. Primary cosmic ray intensities are more uniform
and constant than at the Earth. Solar flare protons at high flux levels
represent the most hazardous short-term radiation problem for human beings. A
regolith 2 to 30 meters thick covers the entire lunar surface, having a
density that increases from 1 to 1.8 gm/cm™ as the depth increases from 1 mm
11 20 em. The Moon turns slowly, giving 2Z2-week days and nights, and large
thermal gradients are produced between shadow and sunlight. Micrometeorites
at cosmic velocities bombard the surface of the Moon at a rate of Z00/m2/yr,
making craters 10 micrometers in diameter /19/.

LLunar Science

Traces of the key events in solar system history have been abolished on Earth
by vigorous terrestrial geologic processes. To understand the Earth’s early
history, we must study the Moon. Even with the wealth of knowledge gained
about the Moon by the Apollo Program, there are still many unanswered
questions. We do not know, for example, how the Moon formed or evolved. novr
do we know the composition and structure of the crust and mantle. What is
the size of the metal core, if there is one? What is the thermal history of
the Moon, and what is the nature of lunar volcanism? We do not know the
history and nature of the impact processes of the Moon. An elaborate network
of in-situ measurements must be made before these questions can be answered
confidently.

An array of about 30 seismic detectors should be distributed uniformly over
the surface of the Moon to characterize the lunar interior more effectively.
This network must operate continuously for many years to detect and analy:ze
naturally occurring moonquakes and to record the travel times of the stress
waves initiated by large meteorite impacts. Heat flow measurements should be
made at many sites so that the amount and distribution of radioactive
elements within the Moon can be determined. This information is crucial to
models of lunar structure, bulk composition, and history.

A lunar base can provide the opportunity for detailed studies of lunar
samples collected from all types of terrain. These investigations can
determine the ages of the oldest and youngest rocks, the style of
emplacements of the earliest crustal units, the nature of rocks brought up
from depths by large impacts, and the manner in which material is hurled
across the surface by those impacts. These examinations require that the
lunar surface be mapped and sampled along traverses hundrede of kilometers
long and that crater walls and central uplifts be scaled. These studies are
needed to develop a full understanding of the origin and evolution of the
Moon®s crust.

The rocks and soil exposed at the lunar surface are greatly depleted in
Jolatiles‘t$+esocompared with thase of Earth, which implies that thei1r source
meterials passed through an extensive outgassing stage. Howevar, high
con-entrations of some volatile elements are found deposited on the surfaces
of glass droplets formed during volcanic explosions and collected at the
Apollu-11, -1S, and -17 sites. These data indicate that some volatiles are
present in the lunar interior and may be carried to the surface by volcanic
eruptions. In addition to the desirability of finding water in the Mcon,



finding small quantities of other volatiles there will have major
implications for our understanding of lunar origin, composition, structure,
and history.

Finally, the Moon is a useful detector that can give valuable information
about solar and cosmic~ray history. The core samples obtained during the
Apollo missions contain a record of the Sun®s history, but the lunar regolith
is too complicated to be understood on the basis of & few samples. Detailed
studies supported by a lunar base would include coring up to 10 m deep,
trenching, in-situ appraisal of lunar regolith sections, and numerous
inspection sites and analyses.

Astronomy +from the Moon

There are significant scientific questions that can be answered only with
astronomical observatories having higher angular resolution and greater
sensitivity than is possible at facilities on the Earth. The current model
for the central energy source in galactic nuclei and quasars involves a blacth
hole accreting mass from surrounding stars: tests of this model require
micro-arcsec resolution at radio, optical, and x-ray wavelengths. The
detection of planets orbiting nearby stars, fundamental improvements in the
cosmic distance scale, and more precise estimates of the "invisible" mass in
the universe call for ultrahigh resolution at optical, infrared, and radio
freguencies. Detailed observations of primordial galaxies with large
red-shifts in the optical, infrared, microwave, and x—-ray wavelengths will
provide information on the evolution of galaxies and the universe. Comets
residing in the inner part of the DOort cloud, 1,:'W.0 to 100,000 astronomical
nunits away, could be detected and studied with a JO-m-aperture optical
telescopz. The versatile facilities needed to make these fundamental
investigations can be located at a lunar base.

In some respects, the Moon is an ideal place for an astronomical observatory.
A lunar observatory will have no atmospheric absorption and will provide a
stable and seismically quiet platform, natural access to cryogenic
temperatures, and low gravity for building large signal-collecting areas. In
the lunar environment, "naked" detectors may be operated. Arecibo-type radio
antennas may be contoured within existing craters, and long baseline
interferometers may be established. The far side of the Moon is always
shielded from the Earth’s electromagnetic noise. Full darkness laste for 14
days. The slow rotation rate of the Moon makes it a simple task to track a
telestial object from a lunar platform. For these reasons, astronomical
measurements on the Moon will result in higher angular resclution and greater
sensitivity than those made at comparable facilities on the Earth and, in
some cases, in LEO /20,21/.

The sensitivity for telescopes varies as the effective area of the apertures;
the angular resolution for telescopes is 1/D, where 1 is the electromagnetic
wavelength, D is the aperture diameter, and the resciution iz given in
radians. Thus, for wvisible light with 1 = 300 nm, a 1l-m-diameter telescope
will have an angular resclution of 0.5 micro-radiams, or 0.1 arcsec. However,
0.1 arcsec resclution canncot be obtained on Earth because of atmoepheric
disturbarces, and the Hubble Space Telescope Frogram will place & Z-m
telescope into LED with the space shuttle so that the ideal resolution can be
achieved.

Futting larger optical telescopes into space is a subject already being
discussed and at some point, rather that building them on Earth and launching
them into space, it will be more ecomomical to build telescopes with
indigenous lunar materials and anchor them firmly on the lunar surfaca. A
J0=-m mirror would deform under its own weight., even on the Moon., so a
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segmented mirror would offer the largest optimum field of view. Tor thermal
protection, the telescope could be housed inside a Ndome." Such a telescope
can work in the electromagnetic spectrum from ultraviolet wavelengths to
mid-infrared wavelenghts——limited by mirror coatings and polish at smaller
wavelengths and by thermal mirror emissivity at the larger wavelengths /227,
Also, very large arrays (VLAs) of optical telescopes can be designed using
interferometry techniques to synthesize an effective aperture, which is the
largest dimension of the array. The feasibility of an optical VLA with 27
individual 1-m telescopes has been investigated /2Z/. These dimensions
suggest an angqular resolution of 10 micro—-arcsec for visible light. This
resolution is sufficient to view sunspots on other stars and e.tragalact:ic
processes as they are manifest in quasars and galactic nuclei. To achieve
this resolution, phase stability reguires 25 nm tolerances and adequate
thermal protection probably requires large structures to cast shadows over
the telescope. These requirements appear to be achievable on the lunar
surface.

The 3 milli-arcsec resolution of Earth-based radio astrometry is limited in a
fundamentsl way by the 7 ns variable delay caused in the troposphere and by
cm—scale motions of the Earth. By placing radio telescopes on the Moon, the
troposphere delay problem can be eliminated and the baseline shifts can be
greatly reduced. Operating the telescope above the 20 GHz range will
probably eliminate delay effects due to the Moon’s ionosphere, which must
otherwise be taken into account. Resolution in the 0.1 to 1.0 milli-arcsec
regime should be achievable /24/. This would make it possible, for e:xample,
to measure the Sun’s proper motion about the galactic center with a 2%
accuracy in 1 yr.

For the past several decades, radio astronomers have been enhancing
resolution using interferometry, and those efforts have culminated in the
concept of aperture synthesis. Radio VLAs already exist on the plains of St.
Augustine mear Socorro, New Mexico, U.5.A. A Y-shaped array of 27 atennas,
each arm being 20 km long, operates as a coherent array, giving 0.1 arcsec
resolution at 2 cm wavelength. Furthermore, very long baseline inteferometry
(VLBI) has been conzu:ted on Earth, the limit being the diameter of the
Earth. The possibility of using combined space-based and lunar-based systems
‘e, take full advantage of the Earth-rioon baseline, has been examined /25,26&/.
The Moon—Earth Radio Interferometry (MERI) system would cperate in the 20 MH:
to 300 BHz frequency range, giving a resclution of 13 micro-arcsec at 10 Ghz
and 0.4 micro-arcsec at 200 Ghz. Hence, a few meter resolution could be
obtained by viewing Mercury., S x 10® km resolution at Orion Nebula, and 0.1
astronomical unit resolution at the galactic center.

[eHF finally, it has been pointed out that because the Moon’s spin axis is
H

Fetuded only 1%*/2 degrees from the normal to the plane the ecliptic,
there are regions near the poles in permanent shadow /20 a These very cold
regions offer a natural, low—rnoise environment for astronomicel
observatories.

SCIENCE IN SFACE

We have described one class of scientific investigatians that can be
conducted on the Moon as "science 1n space.' (science conducted underr var:ousg
conditions extant in space) which is to be distinguished fi-rom space science
(the science of the phenomena of space) /23/. Most basic experiments focus
on reducing systemnmatic errors by changing critical parameters., but we seldom
consider the Earth's gravitational acceleration, for example., az a variable
in experiments. Science in space is & class of investigations ithat can
benefit from changing some of the most fundamental parameters o+ the Earth’s
environment.

-
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New levels of chemical purity, low magnetic fields, low neutrino backgrounds,
and direct access to large-volume high vacuum suggest eiiciting discoveries in
fundamental science. For example, it will be important to investigate the
biological consequences of low magnetic fields. Furthermore, new frontiers
in materials science can be advanced in the clean conditions, low
gravitational fields, and abundant sclar energv available at a lunar research
laboratory.

As one further illustration of science in space, we mention a fundamental
physics experiment that reguires very low magnetic fields over a volume of
many m¥, An electric dipole moment (EDM) for any particle implies a
nonuniform charge distribution. The conservation of parity and time re... wa.
invariarce (TRI) each reguire that the EDM for all particles must vanirs

But grand unified theories predict an EDM for the neutron so that the
discovery of a neutron EDM would have broad implications fo present thinking
on theories of matter.

Experiments show that the neutron EDM is smaller than 10™2® e-cm (EDM is
measured in units of electron charge, e, and distance, cm), and the
sensitivity may ultimately reach 10727 g-cm on Earth. However, a sensitivity
near 1072® g-—cm would be necessary to make definitive statements about the
cause of TRI in nature, and a null result would be important. EDM
experiments use nuclear magnetic resonance techniques with the neutron
magnetic moment precessing around wealk magnetic fields. A 1072® p-cnm
measurement requires exclusion of extraneous magnetic fields to the 10-® G
level. For a piractical NMR apparatus, this may not be possible on the Earth,
even with a superconducing shield. On the Moon. however, starting with a
10-% G field and an easily obtainable 10° shielding factor using standard
methods, 107G should be possible /729/. Thus., a permanent lunar research
laboratory, it it already existed for other reasons, could be used for
conducting critical experiments to learn more about the nature of matter.

CONCLUSIONS

We have started from the perspective that the next several decades will see 2
growing interest and capability in space exploration. As a consequence, we
believe that a lunar base will be established in the not too distant future
for a variety of reasons, including anticipated scientific, political, and
economic benefits. BRecause of the long lead times for large space projects
and experiments, it is not too early to contemplate what types of sciﬂgkific
activities should be undertaken at a manned base on the Moon. Doing so puts
us in a better position to influence, as scientists, how a lunar base will
evol ve.

Research investigations at a lunar laboratory can be placed in three
catzgories: Lunar Science, Astronomy, and Science in Space. We have
discussed unique experiments that can be conducted at the Moon in each of
these categories. Our discuscsion has focused on eramples, and was not
intended to be an exhaustive list of scientific opportumities at a lunar
laboratory. We hope we have chosen examples that wil: stimulate the
interests of scientists from other nations so that the future of manned
exploration in space will be truly an international cooperative effort.
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